Abstract: Cochannel interference introduced by frequency reuse under space division multiple access can be reduced by controlling the frequency sharing according to the users' spatial separability. The system avoids placing highly correlated users in space into the same spatial multiplexing group. This paper describes a user spatial compatibility evaluation criterion based on channel matrix structure analysis. The interferences are evaluated using the distances between subspaces spanned by the users' channel matrixes.
Introduction
Multiple input multiple output (MIMO) is attracting much attention due to its potential to greatly increase the spectral efficiency of wireless resources [1] [2] [3] . The bandwidth reuse by multiple spatially compatible users in MIMO systems is through space division multiplexing (SDM). However, with SDM, unlike with orthogonal multiplexing such as time division multiplexing (TDM) and frequency division multiplexing (FDM), the users' channels are not completely orthogonal. Therefore, cochannel interference (CCI) is a big challenge for multiuser MIMO systems.
In many studies, transmit and receive weighted vectors are designed to eliminate the cochannel (frequency and timeslot) interference by using complicated signal processing algorithms [4] [5] [6] [7] . However, these often result in solving computationally intensive nonlinear optimization problems [8] . Another implementation divides the users into groups. The group division measures are designed to avoid placing two highly correlated users into the same group. Users in the same group can be multiplexed spatially, while the groups are multiplexed through orthogonal multiplexing.
A simple but not optimal estimate of the total correlation degree between two users' channels was proposed by Spencer and Swindlehurst [9] . The SDMA methods usually analyze the users' channel matrix structures to find an optimal transmit and receive solution.
The spatial compatibility approximation algorithms should also consider the users' channel matrix structures. Farsakh and Nossek [10] compared several spatial compatibility checking approaches to show that a subspace (spanned by the spatial covariance matrix of each user) oriented approximation is outperformed by other approaches. Their study analyzed multiple input single output systems with beamforming transmission. If this method is used in MIMO systems, the truncated subspaces will lose much of their information. A better compatibility approximation should make full use of the users' channel matrixes. 
where G i and W i are computed based on H i . The CCI can be reduced by dividing the users into groups. Highly correlated users must be placed into different groups. A multiple multiplexing strategy is used with SDM within each group, and orthogonal multiplexing, such as TDM, orthogonal frequency division multiplexing (OFDM), between groups.
The CCI varies as a function of the scattering environment, the distance between the base station and the users, the antenna geometries, and the Doppler spread. If two users' multipath channels are similar, e.g., they have a common scatterer, the two users will highly correlate. User channel matrixes are important because they contain much information of the channel state.
Compatibility Approximation Criterions
From Eq. (2), the spatial influence from user j on user i 
Column space distance criterion
The column space criterion can be explained as the distance between column spaces spanned by H i and H j . The distance between two subspaces can be measured by an orthogonal projection, which is correlated to the singular value decomposition (SVD). For 
U U
is the orthogonal projection on ColH [11] . When rankH i = rankH j = r, the distance between ColH i and ColH j is defined as
where ||·|| F denotes the Frobinus norm. However, rankH i does not always equal rankH j because the rank of the user's channel matrix is determined by the diffusion environment. In theory, the rank is a positive integer in the range of [1,N R ]. The more important problem is that, when rankH i =rankH j =N R , the subspaces will span the whole vector space and the distance will be 0.
Farsakh and Nossek [10] suggested truncating the subspaces into fixed ranks in such scenarios. 
However, some useful information is lost when the subspaces are truncated, so simulations show that the system does not perform well. 
Row space distance criterion
when rankH i = rankH j = r [11] . Because r≤N R <N T , the row spaces cannot span to whole N T dimension vector space. Therefore, the subspaces do not need to be truncated for fear of the zero distance. The only consideration is rank defect channels which rarely occur. The distance is then
where min,i V and min, j V are matrixes composed of the first min (rankH i , rankH j ) right singular vectors.
Numerical Examples
The performances of various spatial compatibility evaluation criteria were evaluated for a zero forcing transmission system [12] . The average transmit SNR was set to 10 dB. A correlation-based criterion was also used for comparison, where the correlation between user i and j was calculated by
N N H H [9] .
In the simulations, a threshold was used to divide the users into groups according to their compatibility evaluation results.
First, evaluate the average capacity as a function of the channel utilization. This case considered 8 transmit antennas at the base station and 2 receive antennas at each user. Thus, the number of maximum simultaneous users in the SDM was 4. Suppose that there were 24 active users in the system. With the spatially compatible user selection algorithms, the users from the divided groups are divided into SDM slots for transmission. For example, if one group held users {1, 3, 4, 6, 9}, it would occupy two SDM slots with the first slot holding users {1, 3, 4, 6} and the second slot holding user {9}. Define the channel utilization as In fact, the total number of occupied SDM slots is determined by the threshold with stricter thresholds leading to less interference. Stricter thresholds also mean that the users are divided into more groups and the channel utilization is reduced. The thresholds were varied to divide the users into from 1 to 24 groups in the spatially compatible user selection algorithms. The total number of occupied SDM slots was varied from 6 to 24. Thus, the channel utilization varied from 100% to 25%. Figure 1 compares the users average capacities as functions of the channel utilization for the various user spatial compatibility evaluation criteria. All the curves initially increase with increasing channel utilization. After the channel utilization reaches 50% to 60%, it begins to decrease because the high channel utilization introduces high cochannel interference. The results in Fig. 1 show that the row space distance criterion is much better than other criteria with a peak value achieved when the channel utilization is around 60%. The peak value with the column space distance criterion is a bit higher than that of the correlation-based criterion and the corresponding channel utilization is also higher. However, the column space distance criterion is not very stable as it decreases quickly when the channel utilization is from 60% to 70%. Figure 2 shows the probability cumulative density functions. Results are presented for one scenario using 8 transmit antennas at the base station and 2 receive antennas at each user and another scenario using 12 transmit antennas and 3 receive antennas. The thresholds for all the criterions were set to make a channel utilization of 60%. The results in Fig. 2 show that as the number of antennas increases, the performance of the column space distance criterion exceeds that of the correlation criterion. Therefore, the matrix structure analysis is more efficient, especially as the dimensions of users' channel matrixes increase. The increased capacities overcome the cost of the complexity of the SVD. 
Conclusions
A spatially compatible user selection algorithm is presented for SDM MIMO systems to reduce the CCI introduced by frequency reuse with SDM. Two spatial compatibility criteria, a column space distance criterion and a row space distance criterion, are introduced. Both the theoretical analysis and simulations show that the row space distance criterion is better since it makes full use of the users' channel matrixes. The simulation shows that the row space distance criterion significantly outperformed correlation criterion. Therefore, the criterion based on channel matrix structure analysis is a better candidate for spatial compatibility approximation algorithms.
